Details of the interaction of photons with tissue phantoms are elucidated using Monte Carlo simulations. In particular, photon sampling volumes and photon pathlengths are determined for a variety of scattering and absorption parameters. The Monte Carlo simulations are specifically designed to model light delivery and collection geometries relevant to clinical applications of optical biopsy techniques. The Monte Carlo simulations assume that light is delivered and collected by two, nearly-adjacent optical fibers and take into account the numerical aperture of the fibers as well as reflectance and refraction at interfaces between different media. To determine the validity of the Monte Carlo simulations for modeling the interactions between the photons and the tissue phantom in these geometries, the simulations were compared to measurements of aqueous suspensions of polystyrene microspheres in the wavelength range 450-750 nm.
INTRODUCTION
In many applications of optics to tissue diagnostics it is important to know where in the tissue the collected light traveled (the photon sampling volume) and to understand how parameters of the light delivery and collection fibers may affect the photon sampling volume. In particular we are interested in the case where light delivery and collection is via optical fibers in close proximity to each other. This geometry is very relevant to clinical applications, because many implementations of optical techniques for tissue diagnosis require that the probe fit through a small aperture, such as the working channel of an endoscope, thus requiring adjacent or nearly adjacent delivery and collection fibers.
To examine light transport under these conditions Monte Carlo simulations are employed. We begin by modeling light transport in a well characterized tissue phantom -a suspension of polystyrene spheres. Wavelength dependent calculations of photon transport are compared with wavelength dependent measurements of light transport in these suspensions in order to determine the accuracy of the Monte Carlo simulations. Subsequently, photon sampling volumes and pathlengths are calculated for a variety of values for the scattering coefficient, the absorption coefficient, pta, and the phase function, P(9), as well as for different fiber geometries.
MATERIALS AND METHODS

Monte Carlo simulations
Monte Carlo simulations were performed on a DEC Aiphastation 250 4/266 in C++. The length of each photon step is -ln/Q1s+J1a), where is a random number, in the interval (0,1], and for each step the photon weight is decreased by dw=.t/(ia+.ts).1 Our code is specifically designed for modeling photon transport when optical fibers in close proximity to each other are used for light delivery and collection, and for modeling the wavelength dependence of the collected light. The geometry for the simulations is shown in Fig. 1 . The numerical aperture of the fibers is accounted for both in light delivery and collection. Wavelength dependent light transport parameters, RaO), jt'(2.) and P(O,A,) are calculated using Mie theory. The parameters used for the Mie calculations are the radius of the polystyrene spheres, and the wavelength dependent indices of refraction for polystyrene, water, and quartz. Refractive indices of water, polystyrene and quartz from 450 to 800 nm were extrapolated from literature values.2'3 '4 Reflection and refraction at the phantom surface are calculated as a function of wavelength. Photons are terminated either when they leave the semi-infinite medium or when they reach a distance from the fibers such that the likelihood of the photon returning to the collection fiber is negligible. The use of these criteria for photon termination was required rather than the more common method of terminating a photon after its weight goes below a certain value, because some of the simulations were run with no absorption.
One question we wish to address is: Where in the tissue phantom did the collected photons travel? One method for addressing this question is to store on a grid the locations where collected photons interacted with the medium on their path from the delivery to the collection fiber. A grid was defined in the x-z plane. As each photon was propagated in the Monte Carlo simulation, the location of each interaction with the scattering medium was recorded in a temporary 2-D array. (The indices of this array are coordinates along the x and z axes.) When the photon is terminated the locations of the interactions, multiplied by the fraction of the photon which was deposited in the collection fiber, were added to a permanent 2-D array of interaction locations. This is similar to the method used by Okada et. al. Thus the spectral response of the measurement system was accounted for. No attempt was made to calibrate the absolute value of the measured signal. Only the wavelength dependence of the measurements was recorded.
4. RESULTS
Comparison of Monte Carlo results and elastic-scatter measurements
Before using a Monte Carlo simulation to make predictions about photon transport, it is important to demonstrate that the code accurately simulates the physical situation. Although Monte Carlo simulations have been used extensively in modeling photon transport in tissue, very few comparisons of experimental and Monte Carlo results have been made for measurement geometries where the source and detector separation is small. 6 The experiments described in the materials and methods section are more sensitive to both the phase function, P(9), and attributes of the light delivery and collection geometry than measurements performed with large source to detector separations or measurements made in more absorbing media. We have shown in a previous publication that our Monte Carlo simulations can reproduce the wavelength dependence of scattering in a medium where the wavelength dependence of absorption is strong.7 A comparison of Monte Carlo simulations with measurements on suspensions of 0.966 pm and 3.0 pm diameter polystyrene microspheres is shown in Fig. 2 . The concentration of the spheres was such that t' was in the range 13-16 cm' from 450-750 nm for both sphere sizes. The wavelength dependence of the Monte Carlo simulations agrees reasonably well with the wavelength dependence of the measurements although there are some discrepancies particularly for the 0.966 micron diameter spheres.
wavelength (nm) absorption. This was found to be true as is shown in the top two plots of Fig. 3 , where the number of interactions per bin, per collected photon is plotted as a function of x and z for 400 micron light delivery and collection fibers. On the left, where there is no absorption, the photons penetrate more deeply and the photon sampling volume is broader than on the right where j.ta=2.7 cm .The bottom two plots of Fig. 3 are photon sampling volumes which compare the how the medium is sampled when 400 micron fibers are used for light delivery and collection versus when 200 micron fibers are used. When the 200 micron fibers are used a much narrower volume is sampled and light does not penetrate quite as deeply. For all plots, the grid size was 50 microns and the numerical aperture of the fibers was 0.48. The scattering parameters for the simulations are calculated for 3.0 micron diameter polystyrene microspheres at 400 nm for a sphere concentration of 1.04% by weight at 400 nm giving p=94.5 cm1 and g=0.8676. The depth profiles for the photon sampling volumes shown in Fig. 4a were obtained by integrating the photon sampling volume over the x axis. Fig. 4 is a plot of the number of interactions at a given depth per bin per collected photon for is=94.5 cm , g=O and .taO to 2.7 cm . As expected the depth of the medium which is sampled decreases as absorption is increased. The photon pathlength also decreases with absorption in the medium as is shown in Fig. 4b. Fig. 5 gives the depth profile of the photon sampling volume for several different scattering parameters. As g increases the photon sampling volume becomes less localized near the surface and penetration is deeper. The fraction of the collected photons which penetrated more than 0.5 mm into the medium is also deeper when the scattering coefficient is decreased. Although not shown, changes in the scattering phase function will also affect the average pathlength of the collected photons. As g increases from 0.8262 to 0.9142, the average pathlength changes from 3.59 to 3.74 mm (=94.5 cm' and .ta=O). As ji increases from 70.9 to 126.3 cm1, the average pathlength changes from 3.8 1 to 3.66 mm (.ta=O and g=O). 
DISCUSSION AND CONCLUSIONS
Fluorescence and elastic-scatter spectroscopy are being developed for diagnosis of tissue pathologies in several organs which are endoscopically accessible including the bladder, colon, and esophagus.8'9'10 Most cancers in these organs originate from epithelial tissue. Therefore, it is important that optical techniques probe the epithelial tissue, although for some applications it may be useful to probe deeper. Changes in fluorescence in the colon have been attributed to changes in the thickness of the mucosa which can only be noticed if the optical technique is probing into the submucosa. In general, the mucosa of the colon and esophagus is --1 mm or less thick, while in the bladder it is <10 cell layers thick. The results in In this paper we have studied how properties of scattering media, ta, Jis' and g, affect the photon sampling volume. For the small fiber separations addressed, it may not be possible to characterize the scattering anisotropy using only g. The shape of, the phase function, P(O), may also affect the transport of photons. This will be addressed in a separate paper. Several parameters of the light delivery and collection system will also affect the photon sampling volume. In Fig. 3 it was shown that using 200 micron fibers instead of 400 micron fibers greatly reduces the width of sampled region and slightly reduces the depth of the sampled region. Fiber separation will also affect the photon sampling volume and preliminary results show that numerical aperture can significantly affect the photon sampling volume. Both of these issues will be addressed in later papers. 
